This study evaluates the hypothesis that cholecystokinin (CCK) relaxes the sphincter of Oddi via vasoactive intestinal polypeptide (VIP). Isolated canine sphincter of Oddi were suspended in organ baths under standard conditions. Responses to cholecystokinin octapeptide (CCK-8) and VIP were recorded on a pen recorder via an isometric transducer. 10-i1_10-7 M CCK-8 and 4 X 10-11-5 X 10-7 M VIP generated dose-related sphincter of Oddi relaxation, which was unaffected by atropine, propranolol, and phentolamine. The effect of CCK-8 was antagonized by dibutyryl cGMP (Bt2 cGMP) (10-3 M), the VIP-antagonist (N-Ac-Tyrl, D-Phe2)-growth hormone-releasing factor-(1-29)-NH2, and abolished by tetrodotoxin. In contrast, VIP's relaxing action was tetrodotoxin insensitive.
Introduction
The sphincter of Oddi (SO)' performs a vital role in regulating the flow of pancreatico-biliary secretion into the duodenum.
growth hormone-releasing factor; KHB, Krebs-Henseleit buffer; SO, sphincter of Oddi; VIP, vasoactive intestinal polypeptide.
Under basal conditions the SO remains closed in many species including man (1) . Cholecystokinin (CCK) has been proposed as the initiator of postprandial SO relaxation because of its potent inhibitory effect on SO tone in the cat (2) , dog (3) , and man (4) . However, the regulation of SO relaxation is poorly understood. CCK contracts the gallbladder by directly stimulating the smooth muscle (2) while it relaxes the SO. Most evidence suggests that CCK-generated relaxation of the SO is neurally mediated because the effect is blocked by tetrodotoxin (2) . The putative inhibitory neurotransmitter is a noncholinergic, nonadrenergic substance since cholinergic and adrenergic antagonists do not inhibit CCK-generated relaxation of the SO (5) . Vasoactive intestinal polypeptide (VIP), a neuropeptide present in the SO (6) , has been shown to relax smooth muscle of the gastrointestinal tract, tracheobronchial tree, and cardiovascular system (6, 7) . Furthermore, VIP produces dose-dependent relaxation of gastric smooth muscle cells, which appears to be mediated by increasing intracellular levels of cAMP (8) . The objective of this study is to evaluate the hypothesis that CCK-generated relaxation of the SO is mediated by VIP, which relaxes the sphinctenc smooth muscle by increasing intracellular cAMP levels. Methods Materials. The following were purchased: acetylcholine, atropine, N2, O2-dibutyryl GMP, 8-bromo-cAMP, BSA, and propranolol from Sigma Chemical Co., St. Louis, MO; tetrodotoxin from CalbiochemBehring Corp., La Jolla, CA; phentolamine from Ciba-Geigy Corp., Pharmaceuticals Div., Summit, NJ; CCK octapeptide (CCK-8), VIP, and VIP antagonist, (N-Ac-Tyr', D-Phe2)-growth hormone-releasing factor (GRF)-(l-29)-NH2 from Peninsula Laboratories, Inc., Belmont, CA.
Methods. The study was performed on 33 adult canines of both sexes. The animals were anesthetized with 30 mg/kg intramuscular ketamine hydrochloride. The duodenum and pancreas were exposed. A 6-cm section, including the second portion of the duodenum and head of the pancreas, was removed and placed on a dissecting tray containing Krebs-Henseleit buffer (KHB), pH 7.4, and gassed with 95% 02:5% C02. The distal common bile duct was exposed up to its intramural portion. The duodenum was opened on the side opposite the common bile duct. The mucosal lining was rapidly rinsed with buffer to remove any adherent intestinal contents. The ampula of Vater was identified and a section from the intestinal wall containing the intramural portion of the common bile duct and ampula of Vater was removed and pinned serosal side up to the wax surface of the dissecting tray. Using a combination of blunt and fine dissecting techniques the intramural portion ofthe common bile duct and ampula of Vater were isolated from the surrounding duodenal musculature and removed together. The anatomical description of the dog SO by Eichhorn was used as a dissection guide (9) . Care was taken to carefully dissect surrounding duodenal tissue from the sphincter. The isolated sphincter was cut longitudinally yielding two longitudinal strips. In addition, two 2.5-cm strips of duodenum were prepared from the area just distal to the choledochoduodenal junction and mounted longitudinally in organ baths. The duodenal muscle strips served as nonsphincteric smooth muscle controls. CCK is known to relax the sphincter while it stimulates the duodenum.
Before starting each experiment, the organ baths, syringes, and collection vials were rinsed with 2.5% BSA solution to prevent binding ofpeptides to glass, plastic, and metal surfaces. The tissue preparations were suspended in 5-ml organ baths with KHB solution maintained at 370C and gassed with 95% 02:5% CO2. The buffer (KHB) contained 11 mM NaCi, 32.5 mM NaHCO3, 1 mM NaH2PO4, 3 mM KCI, 2.5 mM CaC12, 13.9 mM glucose, 0.6 mM MgCl2, and 1% BSA. The sphincter preparations were stretched to a resting tension of 0.7-1.0 g while the duodenal strips were stretched to 1-2 g. The SO preparations were standardized so that their weight demonstrated no greater than 10% variability. The mean weight was 150 mg. Tissue activity was recorded through a metrigram isometric force transducer (model 797159-1; Gould Inc., Oxnard, CA) on a polygraph recorder (model 2400; Gould Inc.).
After the strips were mounted in the organ baths they were equilibrated for 1 h in the buffer solution. During the equilibration period, spontaneous activity was generally observed in the sphincter preparations. Occasionally the onset of spontaneous activity was observed only after stimulating the preparation with 10-' M carbachol.
Tonic SO tension, frequency, and amplitude ofphasic contractions were measured over a 5-min period immediately before and 10 min after administration ofthe agonist peptides CCK-8, VIP, or pharmacological antagonists. In experiments evaluating a pharmacological antagonist, the preparation was pretreated for 5 min before addition of the agonist. The effect of agonist or pharmacological antagonist was determined as the peak or nadir of tension observed within a 10-min period after their administration. SO phasic contractions were measured as the mean frequency of contractions over a 5-min period immediately before and 10 min after the addition of a peptide. A phasic contraction was defined as a spontaneous deflection from the baseline > 0.2 g of tension. The basal activity was determined by drawing a line along the base ofthe phasic contractions during a 5-min period of stable activity before the addition of agonist±antagonist agents. Amplitude of phasic contractions was measured as the tension generated by contraction above the baseline. At the end of each experiment the sphincter strips were relaxed in 10-5 M sodium nitroprusside to determine their passive tension. All strips had -0.25 g of passive tension. Relaxation was determined as the ratio of the decrease in tension during agonist±antagonist application, to the difference between the resting tension and the passive tension (10) . Results were expressed as a percent of maximal response to either CCK-8 or VIP.
Tension responses to different concentrations of CCK-8 and VIP were evaluated in a randomized manner in the presence and absence of propranolol hydrochloride, phentolamine mesylate, atropine sulfate, tetrodotoxin, VIP antagonist (1 1), VIP antiserum (same antibody as used for RIA), and the CCK antagonist dibutyryl cGMP. Drugs were dissolved in fresh KHB before each experiment. Peptides were dissolved in KHB containing 1.0% BSA. Sphincter preparations were exposed to CCK-8, VIP, and 8-bromo-cAMP for 10 min before being washed three times at 2-min intervals. Each trial was separated by a 20-min recovery period. Tachyphylaxis was not observed using this paradigm. Experiments were conducted only on sphincter preparations that demonstrated spontaneous activity. Tissue viability was tested by confirming reproducible responses to l0-7 M carbachol and 4 nM CCK-8 at the start and completion of each experiment.
Concentrations of antagonists were determined by their ability to abolish the effect of specific agonists. Relaxation was evaluated as the response to isoproterenol, CCK-8, or VIP, and contraction was the response to carbachol or acetylcholine. Each pharmacological antagonist was used in a sufficient dose to block the dose of its agonist that produced a maximum effect on the SO. 1 X 10-7-l X 10-6 M propranolol did not affect sphincter activity on its own, but at 5 X 1 O-M it blocked the inhibitory effect of isoproterenol. Similarly, no decrease in sphincter activity was observed with 1 X I06-5 X 10-5 M phentolamine, 1 X 10-7-5 X 10-6 M atropine, or 10-6 M tetrodotoxin, but each of these antagonists were capable of blocking the biological response to lo0-M norepinephrine in the presence of 1o-6 M propranolol, 10-6 M carbachol, and electric field stimulation (0.1 Ms, 10 Hz), respectively.
Sphincter preparations used for metabolic studies were weighed before mounting. CCK-8 was tested on one of the two strips obtained from a sphincter preparation. The other strip served as a control. Sphincter preparations were incubated with agonist agents for 4 min and then immediately frozen in liquid oxygen, and cAMP content was measured according to a previously described method (12) . Tissue preparations were pretreated with putative antagonists for 5 min before adding the agonist. Each sample was subjected to at least two individual determinations in a given assay. The values observed fell within 10% of the mean value.
In studies evaluating CCK-8-evoked release ofVIP, sphincter preparations were exposed to randomly selected concentrations of CCK-8 for 15 min. The buffer was collected in vials which were kept on ice. The vials were stored at -50'C until RIA was performed to determine the VIP content in the buffer. Each vial contained bacitracin 0.5 mg/ml buffer. After collecting the buffer the organ baths were washed three times over a 30-min period and the procedure was repeated a total of three times.
VIP was measured by RIA as previously described (13) . This assay was sensitive to 5 pg VIP/ml of incubating RIA media. There was negligible cross-reactivity with up to 10 ng human calcitonin, CCK-8, secretin, gastric inhibitory polypeptide, glucagon, and bovine pancreatic peptide. The coefficient of variation and intra-and interassay reproducibility were 5 and 8%, respectively. The VIP standard curves were constructed with the incubating media not exposed to tissue and/or 0.05 N acetic acid to approximate the reconstituted tissue extract.
During immunoneutralization studies one of two longitudinal sphincter preparations was incubated for 2 h with buffer containing 12 parts VIP antiserum/1,000 parts KHB. The antibody is specific for the NH2-terminal region of VIP and has negligible reactivity with glucagon, secretin, gastric inhibitory polypeptide, and peptide histidine isoleucine (13) . When used for RIA determinations, the titer of the antibody was 1 :100,000 and the concentration of VIP that caused a 50% displacement of labeled VIP was 15 pM. The second longitudinal sphincter strip served as a control and was kept in the same concentration of normal serum from which the complement had been inactivated by heating at 560C for 30 min.
The paired and unpaired t tests were used for statistical analysis. Significance was accepted at the 5% level. (Fig. 1) Fig. 2 . The inhibitory effect of CCK-8 was unaffected by M atropine, 10-6 M propranolol, or 5 X I0-M phentolamine. antagonist, 10-' M dibutyryl cGMP (Fig. 1) , and completely blocked by 10-6 M tetrodotoxin. This suggests that CCK-8 acts via CCK receptors located on noncholinergic, nonadrenergic neural elements to relax the SO. In separate studies we demonstrated that CCK-8 generated dose-related contractions of the longitudinal muscle from the duodenum with an ED50 of 6 nM. We next evaluated the effect of VIP on the isolated sphincter and found that the peptide produced dose-related (4 X 10-"-10-6 M, ED50 6 nM) relaxation (Fig. 3) and a decrease in frequency of phasic contractions (data not shown). The relaxation effects of VIP were unaffected by tetrodotoxin or the cholinergic and adrenergic antagonists described previously. This suggests that VIP acts directly to relax the sphincteric muscle and may serve as a final mediator of noncholinergic-, nonadrenergic-generated relaxation. These results led us to evaluate whether treatment of the sphincteric preparation with VIP antiserum would inhibit CCK-8-generated relaxation of the sphincter. These studies revealed that VIP antiserum at 12/1,000 parts KHB inhibited CCK-8-(4 nM) induced relaxation of the sphincter by 68±12% (Fig. 4) . The antiserum also antagonized the effect of CCK-8 to decrease the frequency of phasic contractions by 76±8%. The VIP antiserum did not affect the frequency of phasic contractions or basal tone by itself. A second strip treated with the same concentration of normal serum from which the complement was inactivated had no effect on CCK-8-mediated relaxation and changes in frequency of phasic contractions. Pretreatment of sphincter preparations with 12 parts VIP antiserum/ 1,000 KHB blocked the relaxation induced by 6 nM exogenous VIP (Fig. 4) , and partially blocked the relaxation generated by 500 nM VIP. Sphincter preparations treated with normal serum responded to exogenous VIP in a dose-dependent manner similar to the responses in KHB alone. Treatment of sphincter preparations with a putative VIP antagonist Other investigators have suggested that VIP activates adenylate cyclase resulting in increased levels of intracellular cAMP (8) . cAMP has been implicated as a second messenger associated with smooth muscle relaxation (14, 15) . We next evaluated whether CCK-8-evoked relaxation of the sphincter preparations is associated with an increase in tissue cAMP content. CCK-8 (10-"-1_0-7 M, ED5o 8 nM) generated doserelated increases in sphincteric cAMP content (Fig. 6) . Pretreatment with VIP antiserum (12 parts/i1,000 KHB) or with 5 MM VIP antagonist inhibited CCK-8-(8 nM) evoked generation of cAMP by 72±12 and 84+9%, n = 4, respectively. Similarly, VIP also produced dose-related increases in sphincteric Results are presented as concentration of VIP in femtomoles per milliter per milligram tissue (wet weight). Asterisk denotes significant difference from control values (mean±SE, n = 6).
cAMP content (Fig. 6 ). To provide additional evidence that cAMP relaxes the SO, we evaluated the effect of the cAMP analogue 8-bromo-cAMP on the sphincter. 8-Bromo-cAMP (10-5_l0-2 M, ED50 0.4 mM, n = 4) generated dose-related relaxation of sphincter preparations and a decrease in frequency of phasic contractions similar to that produced by CCK-8 and VIP, which suggests that cAMP serves as an intracellular second messenger that mediates relaxation of the sphincteric muscle.
Discussion
These studies demonstrate that cholecystokinin-mediated relaxation of the canine SO involves the release of VIP. VIP acts directly on the sphincteric muscle to increase cAMP and to thereby produce relaxation. While the SO is embedded in the duodenal wall, our studies indicate that the sphincter can be dissected free from the duodenal musculature since CCK relaxes the sphincter while it contracts the duodenum. We used longitudinally mounted preparations of isolated SO for the experiments that evaluated mechanical activity. The mechanical responses of this preparation have been shown to correspond to changes in the resistance to flow through the intact sphincter (16 (8, 20) .'Other studies provide evidence that VIP mediates relaxation of the opossum and rabbit lower esophageal sphincter, and the rabbit internal anal sphincter (10, 21 
